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Human coronaviruses (HCoVs) are responsible for respiratory tract infections ranging from common colds 
to severe acute respiratory syndrome. HCoV-NL63 and HCoV-229E are two of the four HCoVs that circulate 
worldwide and are close phylogenetic relatives. HCoV infections can lead to hospitalization of children, elderly 
individuals, and inmunocompromised patients. Globally, approximately 5% of all upper and lower respiratory 
tract infections in hospitalized children are caused by HCoV-229E and HCoV-NL63. The latter virus has 
recently been associated with the childhood disease croup. Thus, differentiation between the two viruses is 
relevant for epidemiology studies. The aim of this study was to develop a double-antibody sandwich enzyme- 
linked immunosorbent assay (DAS-ELISA) as a potential tool for identification and differentiation between 
HCoV-NL63 and HCoV-229E. The nucleocapsid (N) proteins of HCoV-NL63 and HCoV-229E were expressed 
in an Escherichia coli system and used to immunize mice in order to obtain monoclonal antibodies (MAbs) 
specific for each virus. Three specific MAbs to HCoV-NL63, one MAb specific to HCoV-229E, and four MAbs 
that recognized both viruses were obtained. After their characterization, three MAbs were selected in order to 
develop a differential DAS-ELISA. The described assay could detect up to 3 ng/ml of N protein and 50 50% 
tissue culture infective doses/ml of virus stock. No cross-reactivity with other human coronaviruses or closely 
related animal coronaviruses was found. The newly developed DAS-ELISA was species specific, and therefore, 
it could be considered a potential tool for detection and differentiation of HCoV-NL63 and HCoV-229E 


infections. 


Coronaviruses (CoVs) are large enveloped positive-strand 
RNA viruses that belong to the family Coronaviridae (13). On 
the basis of their serological cross-reactivity and sequence 
analysis, coronaviruses are classified into three distinct groups 
(6, 13). The alpha- and betacoronavirus groups harbor various 
mammalian CoVs, whereas avian viruses cluster in the gam- 
macoronavirus group. There are five different human CoV 
(HCoV) species, all of them associated with respiratory tract 
infections ranging from common colds to severe acute respi- 
ratory syndrome (SARS) (7, 14). 

HCoV-229E and HCoV-NL63 belong to the alphacoronavi- 
rus group and are the only two human CoVs that have a 
relatively close phylogenetic relationship (5). HCoV-229E was 
discovered in the mid-1960s from persons with the common 
cold, and HCoV-NL63 was isolated for the first time in 2004 
from a 7-month-old infant with bronchiolitis (9, 28). HCoV- 
229E and HCoV-NL63 infections have a worldwide distribu- 
tion, having peak activity during the winter months (1, 10, 26). 
These viruses are associated with both upper and lower respi- 
ratory tract diseases and frequently affect young children (19, 
27). In most cases, these infections do not lead to severe 
clinical symptoms, although acute infections in infants, elderly 
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individuals, and immunocompromised patients can cause more 
serious respiratory disease, which may require hospitalization 
(3, 17). Globally, approximately 5% of all upper and lower 
respiratory tract infections in hospitalized children are caused 
by HCoV-229E and HCoV-NL63 infections (8, 25). The clin- 
ical manifestations of HCoV-229E in infected persons are 
headache, nasal discharge, chills, cough, and sore throat, 
whereas the symptoms observed in HCoV-NL63-infected pa- 
tients are more severe, including fever, cough, sore throat, 
bronchiolitis, and pneumonia. Moreover, HCoV-NL63 has 
recently been associated with the childhood disease croup 
(29). Reinfections with HCoV-229E and HCoV-NL63 occur 
throughout life. 

Currently, there are no therapeutic treatments available for 
any of the HCoVs, and diagnosis is based on virus detection by 
reverse transcription-PCR technology (2, 16, 30). Several stud- 
ies described the development of immunoassays using the nu- 
cleocapsid (N) protein for detection of antibodies to human 
coronaviruses (4, 15, 24, 32). The N protein is abundantly 
expressed during infection and it is highly immunogenic (11, 
33). These features support the nucleocapsid protein as a po- 
tential source of antigen for detecting CoV infection. 

HCoV-NL63 and HCoV-229E are highly related phyloge- 
netically, although they produce different diseases, with that 
caused by HCoV-NL63 being more severe, and therefore, dif- 
ferentiation between these viruses is an important issue. Due 
to the close genetic relationship between HCoV-NL63 and 
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HCoV-229E, their serologic differentiation is complex. There- 
fore, the aim of the study described in the present report was 
to establish a double-antibody sandwich enzyme-linked immu- 
nosorbent assay (DAS-ELISA) capable of detecting and dis- 
tinguishing between HCoV-NL63 and HCoV-229E. As men- 
tioned in the background, the N protein appears to be the most 
suitable candidate for use for viral detection. The homology of 
the amino acid sequence of the HCoV-NL63 N protein with 
that of the HCoV-229E N protein has been reported to vary 
from 42 to 49% (15, 20). Therefore, the N proteins of HCoV- 
NL63 and HCoV-229E were expressed in the Escherichia coli 
system and used to immunize mice in order to obtain mono- 
clonal antibodies (MAbs) specific for each virus and therefore 
allow the differentiation between them. 


MATERIALS AND METHODS 


Viruses and cells. LLC-MK2 cells were grown and maintained at 34°C in a 5% 
CO, atmosphere using a mixture of Hanks and Earle’s minimum essential tissue 
culture medium (Invitrogen) supplemented with 3% fetal calf serum (FCS) and 
antibiotics (penicillin, streptomycin). 

Huh-7 cells were maintained at 37°C in a 5% CO, atmosphere in Dulbecco’s 
modified Eagles’s minimum essential medium (DMEM) supplemented with 10% 
FCS and antibiotics (penicillin, streptomycin). Vero cells were maintained at 
37°C in a 5% CO, atmosphere in DMEM supplemented with 5% FCS. 

HCoV-NL63 (isolate Amsterdam 1, passage 8) was obtained from a virus 
culture on LLC-MK2 cells as described previously (28). HCoV-229E (isolate 
Inf-1, passage 4) was obtained from a virus culture on Huh-7 cells for 5 days at 
34°C with 5% CO. The infectious titer of the virus stocks was determined 
according to the Reed and Muench formula on LLC-MK2 or Huh-7 cell mono- 
layers (21). 

Porcine epidemic diarrhea virus (PEDV) was propagated in Vero cells grow- 
ing in DMEM without fetal bovine serum and supplemented with streptomycin 
and penicillin G, 12 g/ml trypsin, 0.3% tryptose phosphate broth, and 0.02% 
yeast extract. After 24 h at 37°C with 5% COz, the virus was harvested from the 
supernatant. After several cycles of freeze-thaw, culture supernatant was clarified 
by low-speed centrifugation, concentrated by ultracentrifugation, and purified on 
a sucrose gradient. Mock-infected Vero cells treated in the same way were used 
as control antigens. 

Antigen preparation. The recombinant N proteins of HCoV-NL63 and HCoV- 
229E were prepared using the Escherichia coli system as described previously (4). 
Briefly, the N genes of each virus were amplified and cloned in the pET100/D- 
Topo vector (Invitrogen). The recombinant N proteins were expressed by trans- 
formation of BL21-derived strain Rosetta 2 (Novagen) cells. Overnight cultures 
of transformed bacteria were inoculated in Luria broth medium supplemented 
with 1% glucose, carbenicillin, and chloramphenicol. Cultures were grown to 
exponential phase prior to induction with isopropyl-B-p-thiogalactopyranoside 
(IPTG) for 5 h. Recombinant proteins were purified with nickel-nitrilotriacetic 
acid agarose (Qiagen). The C-terminal halves of the N proteins of HCoV-NL63 
(amino acids [aa] 215 to 377) and HCoV-229E (aa 213 to 389) were expressed 
and purified following the same protocol as the one used to prepare the full- 
length proteins. The recombinant N proteins of HCoV-HKU1 and HCoV-OC43 
were prepared following the same protocol. 

The virus-infected cell lysates were prepared from stocks of HCoV-NL63 and 
HCoV-229E by inactivation with 1% Triton X-100 and 0.3% tri-n-butyl phos- 
phate (TNBP) for 2 h at room temperature (RT). Purified PEDV was used as the 
antigen in the ELISAs. 

Immunization of mice. Four 10-week-old female BALB/c strain mice were 
injected subcutaneously with 30 wg of purified N protein of HCoV-NL63 or 
HCoV-229E. The first immunization was done in complete Freund’s adjuvant 
(CFA) (Difco), and two further doses were done in incomplete Freund’s adju- 
vant (IFA) at 2-week intervals. Mice received a final booster injection with 30 pg 
of antigen in phosphate-buffered saline (PBS) for 3 consecutive days prior to 
hybridoma fusion. 

Production of monoclonal antibodies. The production of hybridomas secreting 
virus-specific MAbs was carried out following a modified version of the proce- 
dure previously described (23). Briefly, X63/Ag 8.653 myeloma cells were fused 
with splenocytes from immunized mice using polyethylene glycol (PEG; Sigma- 
Aldrich). After fusion, hybrid cells were eluted in DMEM (Gibco) containing 
15% FCS (Gibco) and coated on 96-well well plates at a concentration of 0.5 x 
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10° cells/well. After 24 h at 37°C, 2 hypoxanthine-aminopterin-thymidine me- 
dium with hybridoma cloning factor (Roche) was added and was renewed every 
48 h over a period of 12 days. At day 15, the culture medium of the hybridomas 
was screened for reactivity with the corresponding recombinant N protein by 
ELISA. Antibody-producing hybridomas were cloned by limiting dilution at least 
four times. 

Antibody selection was done using the corresponding nucleocapsid protein 
and an unrelated viral protein prepared in the same way as the N protein and 
used as the negative-control antigen in the ELISA. 

Finally, the selected hybridomas were used to inoculate BALB/c mice. The 
resulting MAbs were purified from the ascitic fluid by precipitation with caprylic 
acid and labeled with peroxidase according to the method described by Nakane 
and Kawaoi for its further characterization (18). 

Characterization of monoclonal antibodies. The specificities of the MAbs 
were determined by indirect ELISA and Western blot analysis using the recom- 
binant N protein and the corresponding virus-infected cell lysate as antigens. For 
the indirect ELISA, the purified MAbs were incubated in 96-well microtiter 
plates coated with 0.2 wg/well of purified recombinant N protein, 0.1 jg/well of 
the C-terminal half of the N protein, or virus-infected cell lysates. The plates 
were blocked with Stabilzyme Select (SurModics, Inc., MN) for 1 h at RT. The 
bound antibody was detected with a 1/10,000 dilution of horseradish peroxidase 
(HRP)-labeled goat anti-mouse immunoglobulin (Sigma-Aldrich). After 1 h 
incubation at RT, followed by extensive washing, the plates were incubated with 
tetramethylbenzidine (TMB) substrate (TMB-MAX; Neogen Corporation, Lex- 
ington, KY), and the reaction was stopped by addition of 0.5 M sulfuric acid. The 
absorbance was measured at 450 nm in a Multiscan Ascent ELISA reader. 

Western blot analysis was carried out by electrophoresing the protein prepa- 
rations on a 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel under reduc- 
ing conditions. Detection of the antigens was followed by immunoblotting using 
the selected hybridoma supernatants and a goat anti-mouse immunoglobulin 
conjugated with peroxidase as a secondary antibody. Specific bands were visual- 
ized using TMB as the substrate. 

The isotypes of the MAbs were determined by ELISA, using specific anti- 
mouse subtype antisera (Sigma). 

A competition ELISA between the different MAbs was performed in order to 
detect if they mapped in the same or different antigenic areas. Briefly, 96-well 
plates were coated with the corresponding recombinant purified N protein (0.2 
pg/well) diluted in sodium carbonate buffer (pH 9.6) and incubated overnight 
(ON) at 4°C. The plates were blocked for 1 h at RT, and a predetermined 
limiting dilution of the peroxidase-labeled MAb was added to the wells in the 
presence of serial dilutions of the unlabeled competitor. After 1 h incubation at 
37°C, followed by extensive washing, the plates were incubated with the substrate 
(TMB), and subsequent development of the assay was performed as described 
for the indirect ELISA. A negative optical density at 450 nm (OD459) was 
obtained when the antibodies competed, indicating that they mapped in the same 
antigenic area. In contrast, when the two antibodies mapped in different regions, 
the resulting OD,59 was positive. 

DAS-ELISA. Microtiter plates were coated with 1 yg/well of purified MAb 
1E8 (7 mg/ml) diluted in sodium carbonate buffer (pH 9.6), and the plates were 
incubated ON at 4°C. After the plates were blocked for 1 h at RT, the recom- 
binant N protein, the C-terminal half of the N protein, or the corresponding 
virus-infected cell lysates diluted in 0.05% Tween 20 in PBS were added to the 
plates and the plates were incubated for 1 h at RT. An MAb specific for each 
virus conjugated with peroxidase (MAbs 2D4-PO and 1E7-PO for HCoV-NL63 
and HCoV-229E, respectively) was subsequently used for antigen detection by 
incubation for 1 h at RT. TMB peroxidase substrate was added, and the reaction 
was stopped by the addition of 0.5 M sulfuric acid. Enzymatic activity was 
measured by determination of the OD4s9 in an ELISA plate reader. Washes 
between consecutive steps were performed with 0.05% Tween 20 in PBS. 


RESULTS 


Characterization of MAbs. Three MAbs were obtained from 
a fusion between myeloma cells and splenocytes from mice 
immunized with N protein of HCoV-NL63: MAbs 1B12, 2D4, 
and 2E6. The fusion between splenocytes from mice immu- 
nized with N protein of HCoV-229E and myeloma cells re- 
sulted in five MAbs: MAbs 1E7, 1E8, 1H11, 5D5, and 5D11. 

An indirect ELISA using the recombinant N protein of 
HCoV-NL63 or HCoV-229E or the corresponding virus-in- 
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TABLE 1. Characterization of HCoV-specific MAbs 


MAb reactivity with 


N protein of: 
Specificity MAb Isotype 
HCoV- HCoV- 
NL63 229E 

Specific to HCoV-NL63 1B12 IgG1 + = 
2D4 IgG1 +f =z 
2E6 IgG1 + = 
Specific to HCoV-229E 1E7 IgG2b = + 
Common to HCoV-NL63 1E8 IgG1 + + 
and HCoV-229E 1H11 IgG2a ot + 
5D5 IgG2b + + 
5D11 IgG1 + + 


fected cell lysate as the antigen was performed to test the 
specificity of each MAb. The results showed that the MAbs 
could be classified in three groups according to their specificity. 
The first group included MAbs specific for HCoV-NL63 
(MAbs 1B12, 2D4, and 2E6), the second group included an 
MAb specific for HCoV-229E (MAb 187), and finally, a third 
group of MAbs recognized both viruses (MAbs 1E8, 1H11, 
5DS5, and 5D11). 

The isotypes of the MAbs were analyzed; antibodies 1B12, 
1E8, 2D4, 2E6, and 5D11 were classified as IgG1; 1H11 was 
classified as IgG2a; and 1E7 and 5D5 were classified as IgG2b. 
All the described characteristics of the MAbs are summarized 
in Table 1. 

The ability of the MAbs to bind to the recombinant protein 
was further investigated by Western blot analysis. All MAbs 
were suitable for use for immunoblotting, and the results were 
consistent with the ELISA results. Figure 1 shows an example 
of the reactivity of one MAb representative of each group. 
MAb 2D4 showed reactivity with a 41-kDa protein, corre- 
sponding to the expected molecular mass of recombinant N 
protein of HCoV-NL63 (Fig. 1A). MAb 1E7 showed reactivity 
with a 43-kDa protein, corresponding to the expected molec- 
ular mass of recombinant N protein of HCoV-229E, and fi- 
nally, MAb 5D5 showed cross-reactivity with the N proteins of 
both viruses (Fig. 1B and C, respectively). 

A competition ELISA between antibodies belonging to the 
same group was done to determine whether they mapped in 
the same or different antigenic regions of the protein. The 
results indicated that MAbs specific for the N protein of 
HCoV-NL63 mapped in different antigenic areas of the pro- 
tein. When competition between antibodies recognizing both 
viruses was done, the result showed that all of them competed 
with each other, indicating that they all mapped in the same 
region of the protein (data not shown). As a first attempt to 
localize which regions of the nucleocapsid protein were recog- 
nized by the MAbs, a fragment covering the C-terminal half of 
the N protein (N-HCoV-NL63, aa 215 to 377; N-HCoV-229E, 
aa 213 to 389) was expressed in the E. coli system and prepared 
in the same way used for the full-length antigens (described in 
Materials and Methods). Equimolar amounts of the full-length 
protein and the corresponding fragment were used to coat the 
plates. Under these conditions, antibody 2D4 reacted with this 
region of the protein, while no reactivity was found with either 
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the 1B12 or 2E6 MAb (Fig. 2A). MAb 1E7 bound to the 
C-terminal end of the protein, and the reactivity with this 
fragment was even higher than the reactivity observed with the 
complete molecule (Fig. 2B). Antibodies that recognized both 
viruses (1E8, 1H11, 5D5, and 5D11) reacted with this region of 
the protein, and the reactivities of all of them were very similar. 
Thus, Fig. 2C shows the reactivity of MAb 1H11 as a repre- 
sentative example for the group. 

DAS-ELISA. The DAS-ELISA was first set up using the 
purified recombinant N protein as the antigen, and all the 
possible combinations of MAbs were tested. Out of the five 
MAbs common to both viruses, MAb 1E8 was selected as the 
capture antibody and the optimal specific antibody labeled 
with peroxidase for each species was chosen: 2D4 for detection 
of HCoV-NL63 and 1E7 for detection of HCoV-229E. This 
assay could detect up to 3 ng/ml of recombinant N protein of 
HCoV-NL63 and 11 ng/ml of recombinant N protein of 
HCoV-229E. Further experiments were done with virus-in- 
fected cell lysates as the antigen, previously inactivated by 
treatment with 1% Triton X-100 and 0.3% TNBP for 2 h at 
RT. The specificity of the assay was demonstrated once more, 
and in this case the detection limit was approximately 50 50% 
tissue culture infective doses (TCID59s)/ml of viral stock for 
both viruses. The results of the DAS-ELISA using virus lysates 
as the antigen are shown in Fig. 3. These results confirm the 
specificity of the assay. 

Cross-reactivity with N protein of other CoVs. The reactiv- 
ities of the MAbs to the N proteins of other human coronavi- 
ruses belonging to the betacoronavirus group (HCoV-HKUI1 
and HCoV-OC43) were examined by indirect ELISA and 
DAS-ELISA. The results of both assays showed that none of 
the MAbs cross-reacted with any of the other viruses (data not 
shown). 

The cross-reactivity with a CoV of animal origin belonging 
to the alphacoronavirus group (PEDV) and closely related to 
HCoV-NL63 and HCoV-229E was also tested. This resulted in 
a negative OD by indirect ELISA (data not shown) with all the 
described antibodies, even with those that recognize both vi- 
ruses. 


75 
50 


25 
20 


(A) (B) (C) 

FIG. 1. Immunoblot analysis of HCoV N protein. (A) Reactivity 
with an MAb specific for HCoV-NL63 (MAb 2D4); (B) reactivity with 
an MAb specific for HCoV-229E (MAb 1E7); (C) reactivity with an 
MAb that recognizes both viruses (MAb 5D5). Lanes 1, N protein of 
HCoV-NL63; lanes 2, N protein of HCoV-229E; lane 0, molecular 
weight markers (numbers on the left are molecular weights, in 
thousands). 
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FIG. 2. Reactivity of MAbs with the N protein and the C-terminal 
half of the N proteins of HCoVs. (A) Reactivity of MAbs specific for 
HCoV-NL63 (B); reactivity of MAbs specific for HCoV-229E; (C) re- 
activity of MAbs that recognize both viruses. ELISA plates were 
coated with the recombinant N protein of HCoV-NL63 (black bars) or 
HCoV-229E (white bars) or the corresponding C-terminal fragments 
(dotted and dashed bars, respectively). The y axis represents the ab- 
sorbance readings (OD,;,) obtained in the indirect ELISA. 


DISCUSSION 


Detection of viral antigens and/or viral genomes is critical 
for rapid diagnosis of respiratory viral infections, followed by 
an appropriate treatment. Currently, reverse transcription- 
PCR is the major technique used for diagnosis of HCoV in- 
fection (2, 12, 16). However, this method has some disadvan- 
tages, such as possible contamination, instability of the RNA 
samples, and the need for special equipment that in some 
cases, in particular, in undeveloped countries, is not available. 
Other rapid tests are needed in order to facilitate diagnosis. 
The antigen-capture ELISA using MAbs allows rapid diagno- 
sis of viral infections, and it can be used as an alternative to 
PCR. On the basis of the low degree of homology among the 
amino acid sequences of the N proteins of different coronavi- 
ruses, together with the high immunogenicity of this protein, 
the N protein appeared to be a suitable antigenic marker for 
diagnosis of coronavirus infection. In the work reported here, 
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FIG. 3. Detection of viral antigen in DAS-ELISA. (A) Detection of 
HCoV-NL63; (B) detection of HCoV-229E. Purified MAb 1E8 was 
used as the capture antibody. Serial dilutions of virus-infected cell 
lysates were added to the plates, and the viral antigen was detected by 
using a species-specific peroxidase-conjugated MAb (MAbs 2D4-PO 
and 1E7-PO for HCoV-NL63 and HCoV-229E detection, respec- 
tively). The absorbance at 450 nm was plotted against the viral titer, 
expressed as the numbers of TCID.,s/ml. 


we described the production and characterization of several 
species-specific MAbs against the N proteins of human coro- 
naviruses NL63 and 229E and the subsequent development of 
a differential ELISA that allowed their detection. 

The immunization of BALB/c mice with the recombinant N 
proteins of HCoV-NL63 and HCoV-229E led to the produc- 
tion of several MAbs. Some of these antibodies were species 
specific, while others were able to recognize both viruses (Ta- 
ble 1). Additionally, the results of the immunoblotting exper- 
iments suggested that the epitopes recognized by the MAbs 
were linear rather than conformational (Fig. 1). 

As a first attempt to narrow down the location of the 
epitopes recognized by the antibodies, a fragment covering the 
C-terminal half of the N protein was expressed and tested in 
the ELISA with the different MAbs. It has been previously 
described that the N-terminal half of all CoV N proteins con- 
tains a highly conserved motif (22). However, after two differ- 
ent fusions with the N protein of HCoV-NL63 and the N 
protein of HCoV-229E, only two out of eight MAbs (1B12 and 
2E6) did not bind to the C-terminal half of the N protein (Fig. 
2), indicating that the amino region is less immunogenic, at 
least in mice. This finding agrees with previous studies with 
SARS coronavirus N protein, where it was described that the 
most immunoreactive epitopes were located at the C-terminal 
end of the protein (31). The localization of the developed 
MAbs in this part of the protein was also supported by the 
results of the competition ELISA. Thus, MAbs specific for 
HCoV-NL63 (MAbs 1B12, 2D4, and 1E6) which reacted dif- 
ferently with this part of the protein by indirect ELISA did not 
compete with each other, suggesting that they mapped in dif- 
ferent areas of the protein. In contrast, MAbs recognizing both 
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0C43|KPR Q KR] SPN K- -QCTVQQCFGKR]GPNQN FGGGEMLKILG TS DPQFP 


FIG. 4. Alignment of the amino acid sequences of the C-terminal 
half of the nucleocapsid proteins of various HCoVs. Highly conserved 
regions between the four aligned sequences are in shaded boxes. Se- 
quences used for the alignment included those of the following viruses: 
HCoV-229E (GenBank accession no. NC_002645), HCoV-NL63 
(GenBank accession no. NC_005831), HCoV-HKU1 (GenBank acces- 
sion no. NC_006577), and HCoV-OC43 (GenBank accession no. 
NC_005147). The N protein of HCoV-229E was considered the refer- 
ence sequence (aa 246 to 286), and the alignment was performed with 
DS Gene (version 1.5) software. 


viruses (MAbs 1E8, 1H11, 5D5, and 5D11) and which reacted 
in a similar way to the C terminus of the protein in indirect 
ELISA competed with each other, indicating that they map in 
the same region or very close regions. A detailed study of the 
C-terminal end sequence of the N protein revealed that al- 
though the overall homology between the different species is 
low, this fragment includes two regions (KPRWKR and QCF 
GPR) that are well conserved among all the viruses and one 
that is conserved only between HCoV-NL63 and HCoV-229E 
(NGVXAKG) (Fig. 4). This observation, together with our 
results, leads to the conclusion that the conserved sequence 
between HCoV-NL63 and HCoV-229E probably includes the 
epitopes of the selected common MAbs, although further ex- 
periments using peptides should be done in order to answer 
this question. 

As shown in Fig. 2B, the reactivity of MAb 1E7 (specific for 
HCoV-229E) with the C-terminal fragment was stronger than 
the reactivity with the full-length protein. This could be due to 
the structure of the protein, with the epitope becoming more 
accessible in the fragment than in the complete protein. 

After characterization of the different MAbs, a double-an- 
tibody sandwich ELISA was developed for antigen detection. 
MAb 1E8 was selected as the capture antibody, and MAbs 2D4 
and 1E7 conjugated with peroxidase were used as the detecting 
antibodies for HCoV-NL63 and HCoV-229E, respectively. 
The results of the DAS-ELISA demonstrated that the MAbs 
were species specific when the recombinant N protein was used 
as the antigen. This was also true when virus-infected cell 
lysates were used (Fig. 3). Besides, the use of one MAb that is 
able to capture both viruses makes the development of the 
assay simpler and less expensive, which is an important advan- 
tage for commercial purposes. 

Finally, no cross-reactivity with viruses belonging to the be- 
tacoronavirus group (HCoV-OC43 and HCoV-HKU1) was 
found, nor was cross-reactivity with a coronavirus of animal 
origin belonging to the alphacoronavirus group (PDEV) 
found. This result was somehow expected, since most of the 
MAbs map in the C-terminal half of the protein, that is, the 
most variable region (22). In addition, these results strongly 
confirmed the assay specificity. 

Although future experiments using human respiratory sam- 
ples should be done, the current findings show that the present 
DAS-ELISA is a potential tool for detection and differentia- 
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tion between HCoV-NL63 and HCoV-229E infection. This 
assay could be used as a valid alternative to nucleic acid de- 
tection for CoV diagnostic purposes. Moreover, the combined 
use of DAS-ELISA and PCR may be very helpful, when pos- 
sible. 
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